Crystallization of zeolite ZSM-39 (MTN), a clathrate and silicate analogue of the 17 Å cubic gas hydrate, was examined in a solvent system involving a tetramethylammonium chloride/1,6hexanediol deep eutectic mixture and significant amount of water. The crystallization process was followed by powder X-ray diffraction (PXRD), and solid-state nuclear magnetic resonance (SSNMR) techniques involving several nuclei such as 19 F, 29 Si and 13 C. The results indicate that the crystallization starts from the arrangement of amorphous Si-O-Si species around the tetramethylammonium ions and subsequent formation of the cages in the precursors similar to [5 12 6 4 ] cages in the MTN topology. The larger [5 12 6 4 ] cages are then connected via the smaller [5 12 ] cages containing the fluoride ions to form the final MTN structure. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) analyses show that the crystal growth rates along <100> and <111> directions are roughly the same, suggesting that the (100) and (111) planes have similar stability under the crystallization conditions used. AFM study also shows that the freshly born nuclei on the (100) face are of a height of 2 nm, suggesting a layer-by-layer growth of the polyhedral crystal.
D r a f t D r a f t D r a f t Introduction Zeolites are crystalline microporous silicates or aluminosilicates. They are important in various industrial processes. 1 The formation of zeolites often requires the presence of an organic structure-directing agent (SDA), which tends to be occluded in the pores of the final product. 2 Studies of the location of these SDAs in the framework allow us to have a better understanding of the crystallization process of these microporous materials.
Zeolite ZSM-39 (which has MTN topology) is a clathrate and the silicate analogue of the 17 Å cubic gas hydrate. 3 It is usually made under hydrothermal and non-aqueous conditions. [4] [5] [6] [7] One of the most commonly used SDA in the synthesis of ZSM-39 is tetramethylammonium ion (TMA + ). The MTN framework consists of two different cage systems, namely [5 12 ] and [5 12 6 4 ] cages ( Figure 1 ). 3, 6 Due to the small diameter of the [5 12 6 4 ] cages (7.44 Å) and the size restriction on the molecules that can diffuse along the very narrow channels (2.61 Å), ZSM-39 has very limited sorption ability. 6 It is well known that the SDA molecules are often occluded inside the zeolite frameworks when crystallization is complete. 8 Due to the small cages present in ZSM-39's clathrate type of structure, any molecules/ions that have entered the system during the crystallization cannot escape. Therefore, despite of its limited sorption abilities, ZSM-39 is an excellent candidate for studying guest-host interactions under different synthetic conditions. Studying these interactions involving SDA and monitoring the changes in the chemical environment around SDA during crystallization will shed light on the mechanisms of the framework formation. Previous work found that under hydrothermal conditions, the addition of DL-histidine to the reaction gel containing tetramethylammonium hydroxide (TMAOH) as the SDA for synthesis of zeolite dodecasil-3C D r a f t 4 (which also has MTN structure) can promote crystallization over nucleation, which results in larger crystal sizes. 9 Another study was also performed on the formation mechanism of ZSM-39 using tetramethylethylenediamine (TMEDA) as the organic SDA under hydrothermal conditions. 10 The study found that the silicate species in the gel first aggregate around the TMEDA. Then, condensation of silica occurs to form the zeolite framework. The TMEDA is eventually incorporated into the ZSM-39 structure.
High silica zeolites are generally synthesized hydrothermally at temperatures between 150-200 °C by mixing silica, water, base, and SDA. Due to the large amount of water present, this reaction system generates autogenous pressure. Over the past few decades, there have been attempts to synthesize zeolites in non-aqueous systems containing organic solvents or in mixed solvents. [11] [12] [13] [14] [15] [16] [17] [18] More recently, a newer synthetic strategy using ionic liquid (IL) to prepare framework structures has been developed. One class of ILs is deep eutectic solvents (DESs).
A DES is a mixture containing two compounds with its melting point lower than individual components. Dong's group first demonstrated that AlPO 4 -n based molecular sieves can be prepared in a DES containing an organic salt acting as SDA and pentaerythritol, which was used as part of the DES to bring down the melting point of the mixture. 19 Examples of synthesis of silicate-or aluminosilicate-based molecular sieves in the ILs containing imidazolium ion or the DESs containing tatraalkylammonium SDA are relatively rare. [20] [21] [22] [23] [24] [25] [26] [27] The reason for this is due to the low solubility of silica in IL and / or DESs. Although there have been reports on the crystallization of zeolites under hydrothermal conditions, no extensive mechanistic studies have been performed on the formation of zeolites in a solvent system containing DES. Such investigations are necessary for understanding the high-silica zeolite production in ILs, the preparation of other framework types, and the development of D r a f t 5 new structures. The present work focuses on an investigation of crystallization of ZSM-39 in a solvent system with a eutectic mixture of tetramethylammonium chloride (TMACl) and 1,6hexanediol, fluoride ions as mineralizing agent and water. Herein, we present the findings of this study by powder X-ray diffraction (PXRD), multi-nuclear ( 29 Si, 13 C, and 19 F) magnetic resonance (NMR) spectroscopy, scanning electron microscopy (SEM), and atomic force microscopy (AFM).
It is well known in the literature that when synthesizing high silica zeolites using ionothermal methods or in deep eutectic solvents, an appreciable amount of water was always added to the reaction mixture, as the presence of water is essential for the reactions to take place. Water plays crucial roles in the dissolution of reactant species and the condensation steps of the framework formation. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The role of water in and the effect of water content on zeolite synthesis involving IL and DES have also been examined. [30] [31] [32] The work by Yasaka et al.
showed that water is significantly deactivated in ILs containing as much as 7 M water. 31 Ma and co-worker demonstrated that the presence of water is necessary for the ionothermal synthesis of molecular sieves and addition of reagent quantities of water can enhance the crystallization kinetics. 32 In the present work, a significant amount of water comes from chemical reagents exclusively, were used under the dynamic force mode. In this mode, the cantilever is vibrated at around the resonant frequency and its amplitude reduces when the tip is in proximity with the sample surface caused by the tip -sample interaction. Reduced amplitude is set as the feedback parameter (set point) so that the AFM system scans the surface contour of the sample with minimized error signals (the difference between the set point and the amplitude measured) by adjusting the distance between the tip and the sample surface. Mapping of this distance constructs topographic image for the surface morphology. On the other hand, mapping the error signal results in an image removing D r a f t 8 the height contribution and stressing only the shape of surface features. When the height range is large, surface features with small height differences are obscured. In this case, it is advantageous to use the error signal image to show the shapes of surface features, while using the topographic image to estimate the height distribution. For clarity purposes, we present AFM error signal images, rather than AFM topographic images, for the zeolite-39 crystals. The scan rate for obtaining images in an area of 45 μm × 45 μm is 0.5 Hz and for images in an area of 10 μm × 10 μm is 1 Hz. The experiment was conducted in air with a relative humidity of ~40%.
Results and Discussion
The crystallization process of siliceous ZSM-39 at 140 °C without seeding was studied by obtaining intermediates at different reaction time intervals from 24 hrs to 14 days throughout the course of the reaction. The autoclaves were quenched in cold water once they were taken out the oven. PXRD patterns, 13 C CP MAS, 19 F MAS and 29 Si MAS NMR spectra were collected for the samples quenched at the following time intervals: 24 hrs, 48 hrs, 50 hrs, 66 hrs, 72 hrs, and 14 days. 1 H 29 Si CP MAS NMR spectra and SEM images were obtained for selected samples. The AFM studies were performed on the 14-day sample.
At the beginning of the crystallization (heating for 24 hrs), the PXRD pattern indicates the sample is completely amorphous at this stage ( Figure 2 ). The corresponding 29 (Figure 3b ) as the Q 3 signal is more intense than the Q 4 signal in the CP MAS NMR spectrum. This is because CP relies on the proximity between Si atoms and protons.
At the early stages of the reactions, there is unreacted amorphous silica with silanol groups on the surfaces. In unreacted silica, Q 4 is Si(OSi) 4 and Q 3 is Si(OSi) 3 (OH). Due to the close proximity between the Si and the hydrogen of the -OH group, the Q 3 signal is significantly enhanced by CP.
In the 13 C CP MAS NMR spectrum (Figure 4) , the peak at 56.2 ppm is assigned to the -CH 3 carbon in the TMA + ion. This 13 C signal indicates the presence of TMA + ions in the solid gel even before crystallization has started. The charge balancing anions in the gel is likely SiF 6 -, since a signal at -123.5 ppm is seen in the 19 F MAS NMR spectrum ( Figure 5 ). SiF 6has been observed as a major fluorine containing species in the gel phase in zeolite synthesis . 34 The PXRD pattern shows that the solid sample of reaction mixture remains amorphous after 48 hrs of heating ( Figure 2 ). There is not much change observed in the 13 C and directexcitation 29 Si MAS NMR spectra (Figures 4 and 3a) . The 1 H  29 Si CP MAS NMR spectrum also shows Q 3 enhancement ( Figure 3b ). However, the intensity of the Q 4 peak is also enhanced with respect to the Q 3 species in the CP spectrum, compared to the 24 hrs sample. It appears that between 24 and 48 h, the silica in the starting material was dissolved and re-condensed to form the silicate precursors for MTN formation. The SEM image (Figure 6i , a) shows that the majority of the sample is composed of amorphous material. However, at a higher magnification (Figure 6i, b) , the amorphous particles wrap around a chunk of solid that looks crystalline. Observing this species may indicate the beginning of the crystallization. After 50 hrs of reaction, the emergence of several sharp peaks belonging to ZSM-39 in the PXRD pattern marks the onset of crystallization ( Figure   2 ). However, no changes in chemical shifts were observed in the 13 C CP MAS and direct-excitation 29 Si MAS NMR spectra at this point (Figures 4 and 3a) . The direct-excitation 29 Si MAS NMR D r a f t 10 spectrum consists of a rather broad and featureless Q 4 peak having a chemical shift of -111.7 ppm and a broad Q 3 peak, which is consistent with the PXRD pattern that vast majority of the solid materials are still amorphous. Nevertheless, in the 1 H  29 Si CP MAS NMR spectrum (Figure 3b) collected using a 0.5 ms contact time, there is a new shoulder peak at -117.4 ppm. The intensity of this peak is markedly enhanced by using a longer contact time (10 ms) as seen in Figure 7 , and the chemical shift of this new peak coincides with the chemical shift of T3 site (the third tetrahedral Si site) in the MTN structure. 35 The longer contact time discriminates against the gel phase due to the fact that the proton spin-lattice relaxation time in the rotating frame of reference (T 1 H ) in the gel phase is usually much shorter than that in the crystalline zeolites. Therefore, the 1 H  29 Si CP signals from the more crystalline materials can be selected. Furthermore, it is interesting to note that the intensity of the Q 4 peak is much higher in the 1 H  29 Si CP MAS NMR spectrum with a contact time of 10 ms. This means that there are more Si(OSi) 4 species being organized to form precursor for MTN. For these Q 4 species, the proton source for polarization transfer is likely the hydrogen atoms in the TMA + ions.
The 13 C CP MAS NMR spectrum ( Figure 4) shows only one signal at 56.2 ppm due to the -CH 3 carbon. The lack of change in chemical shift in the 13 C spectrum indicates that the most of TMA + ions remained occluded inside the amorphous silica gel. As shown by SEM, the majority of the sample is still quite amorphous; however, the solid particles now seem to have more defined faces, which take the shape of a triangle (Figures 6i, c-d ). But at this stage, we are unable to tell which face of the crystal they belong to. The structure of the MTN framework in Figure 7 shows that the T3 silicon atoms are located in the six-membered ring window of the [5 12 6 4 ] cage. It is in this cage that the SDA resides. 36 Thus, the appearance of the -117.4 ppm 29 Si signal in both the direct-excitation MAS and CP MAS NMR spectra of the 50-hrs sample indicates that the T3 sites D r a f t 11 start being formed first. It appears that some silica species aggregating around the TMA + begin to transform to the T3 sites, which is part of the [5 12 6 4 ] cage. However, there is no change in the 19 F NMR spectrum at this point ( Figure 5 ), meaning that the Fanions have not been occluded into the zeolite framework. This suggests that although the [5 12 6 4 ] cage is forming, the smaller [5 12 ] cage (where fluoride ion is trapped) has not formed yet.
ZSM-39 crystals form very quickly after the onset of crystallization. After 66 hrs of heating, the reaction mixtures now contain mainly crystallized product and only a small amount of amorphous materials as marked by the broad bump at around 20-30° of 2θ in the PXRD pattern ( Figure 2 ). SEM images reveal the presence of both amorphous species and intergrown crystals of ZSM-39 (Figure 6i , e-f), which is consistent with the PXRD pattern. New peaks belonging to the Q 4 region appear in the direct-excitation 29 Si MAS NMR spectrum at -109.9 and -114.0 ppm ( Figure 3a) . The resonance at -117.8 ppm first detected in the 1 H  29 Si CP MAS NMR spectrum of the 50-hrs sample is now fully developed. These three peaks correspond to the three crystallographically inequivalent Si sites in the unit cell of ZSM-39. 35, [37] [38] [39] It seems that the aggregates around the organic SDA molecules formed at the beginning of the reactions have now transformed into crystalline materials. The facts that the Si signals due to T1 and T2 sites in the MTN structure appear in the direct-excitation 29 Si NMR spectra later than the T3 Si and that 19 F NMR signal at due to Foccluded in [5 12 ] cages (see below) only appears after 66 h heating clearly indicates that the [5 12 6 4 ] cages form first and they only join together in a later stage to form the 3D MTN structure. It is apparent that the ZSM-39 crystallizes very quickly as soon as the [5 12 (Figure 4 ), the 57.2 ppm peak is assigned to the -CH 3 carbon atom in the TMA + ion which is trapped in the framework of crystalline ZSM-39, since this peak can be seen in the final product as well. The 56.2 ppm signal is due to the -CH 3 resonance of TMA + ions that are still surrounded by the amorphous gel present in the reaction mixture because the reaction is not yet completed. Formation of the 3D structure traps the TMA + inside the cages of ZSM-39. As the distance between the -CH 3 carbon atoms and the oxygen atoms of MTN becomes closer, some of the electron densities from the methyl groups are drawn toward the oxygen atom, causing a downfield shift of the carbon signal of the TMA + . This indicates that the proximity of the methyl group to the oxygen atom is closer in the 3D structure than in the amorphous gel. Furthermore, the occlusion of the TMA + into the final product's framework confirms that the TMA + ions direct the formation of ZSM-39. Finally, the peak at 46.8 ppm is due to the trimethylammonium (TMAm + ) species formed from the decomposition of TMA + ions during the process of crystallization. 40 As mentioned earlier, there are two types of cages present in ZSM-39. The diameter of the smaller cavity is around 5.7 Å, while the larger cage is around 7.5 D r a f t D r a f t 14 highly crystalline. The direct-excitation 29 Si MAS NMR spectrum shows well separated peaks for the three different Si-sites (Figure 3a) . The broad peak of the Q 3 Si sites disappeared, meaning that the MTN framework formed at this point is almost perfect. The relative intensity ratio is consistent with ratio of 3 T-sites in the unit cell (i.e. T1:T2:T3 = 1:4:12). Although there are still some intergrown crystals in the final product, there are many large single crystals exhibiting the dodecahedral morphology (Figure 6ii, b) . 3 Further, the surfaces of the crystals obtained after 14 days of heating are much smoother, compared to those of 4-day sample, and are mostly free from the covering of unreacted amorphous silica. These results indicate that treating the reaction mixture for a longer time helps to heal the defects in the framework and allows the production of high quality crystals. 43 The peak due to the TMAm + at 46.8 ppm in the 13 C CP MAS NMR spectrum is now much stronger than the signal for TMA + at 57.2 ppm (Figure 4 ). It seems that more TMA + ions have decomposed after heating for prolonged periods. The 19 F MAS NMR spectrum of the 14-day sample contains two peaks, the stronger one at -81.1 ppm, which corresponds to the Finside the smaller cages of MTN, and a weak signal at -123.5 ppm ( Figure 5 ). This means that there is still a very small amount of SiF 6 2species present.
It should be pointed out that throughout the course of the reaction, the other component of the eutectic mixture, 1,6-hexanediol, is not found in the solids since only the peaks due to TMA + and TMAm + were observed in the 13 C CP MAS NMR spectra. The 1,6-hexanediol must have been The crystals from the 14-day sample were used for AFM studies due to their large sizes (up to 70 µm). All crystals exhibit a cuboctahedral shape with six square faces and eight pseudotriangular faces (see Figure 6iii for their SEM images). Two such crystals with above-mentioned faces upward are magnified and their images are shown in Figure 6iii . Both of square and pseudotriangle faces are large and flat, where AFM could easily scan on. Also, these crystal surfaces are rarely covered by large debris or oversized nuclei, which provides good conditions for AFM scanning.
Morphology evolution mechanism of crystals belonging to cubic system was investigated in Anderson's work on zeolites with FAU topology. 44 For zeolite Y and molecular sieve SAPO-37, 44,45 their crystal morphology is perfect octahedral, suggesting that the growth rate along <100> axis is much faster than that along <111> direction (i.e. R = 1.73; R = growth rate along <100> direction / growth rate along <111> direction) 46, 47 . However, the crystal morphology of fully grown ZSM-39 crystals crystallized in a DES for 14 days is cuboctahedral ( Figure 6iii ); and this morphology corresponds to R = 1.0, 46, 47 meaning that the growth rates along <100> and <111> directions are almost equal. It seems that both (100) Figure 8ii ,b. Some nuclei in this area appear to be newly born isolated nuclei and others have merged with each other. The cross-section profile shown blow, which is obtained from the corresponding topographic image, is one of the newly born nuclei with sharp outline. Its size is around 2 nm in height and 50 nm in lateral dimension. Therefore, the nuclei observed from the AFM image are more like a thin terrace. Figure 8ii ,c illustrates the framework structure along the <100> direction. As one can see, the measured height of the terrace corresponds to one layer of the unit cell. Therefore, it seems that the growth on the (100) plane is laye-by-layer.
D r a f t
The above results on the formation of ZSM-39 (MTN) in a solvent containing a TMACl/1,6hexanediol mixture indicate that the crystallization starts with amorphous Si-O-Si units arranged around the TMA + ions, and then gradually forms the individual cavities similar to the [5 12 6 4 ] cage in the MTN structure. As the 3D framework of ZSM-39 is being established, the TMA + is trapped inside the cavities of the zeolite. The [5 12 6 4 ] cages are then linked together to form 3D MTN structure, resulting in the formation of the [5 12 ] cages where the Fanions reside. The presence of TMA + ions plays a key role in the formation of the [5 12 6 4 ] cage. The crystallization process is also accompanied by the decomposition of TMA + into TMAm + species. 1,6-Hexanediol has no structure-directing role. A longer reaction time at a higher temperature yields single crystals with low defects. Surface analyses by AFM and SEM suggest that the growth rates along <100> and <111> faces appear to be similar and that the growth on (100) surface proceeds in a layer-by-layer fashion (where a layer means a layer of unit cell).
Our investigation provides an example of a mechanistic study on completely siliceous zeolite formation in a solvent involving an eutectic mixture. Utilization of an array of techniques including PXRD, NMR and SEM and AFM allows us to gain new physical insights into a number of issues regarding the formation of zeolite ZSM-39 such as the role of each component of the eustatic mixture in crystallization, identifying key structural units in precursors leading to MTN structure, information on the growth rates along different crystallographic directions. As mentioned earlier, water can affect ionothermal synthesis of zeolites, but the exact role of water in the current system is still not clear and further studies are needed. 
